INTRODUCTION
Coryneform bacteria and related taxa occur almost everywhere on living and non-living matter in the environment, in soil, on cellulosic plant fibres (Lednicka! et al., 2000) , on mammals, on smeared cheeses Abbreviations : D, spectral distance ; FISH, fluorescence in situ hybridization ; FT-IR, Fourier-transform infrared ; TGGE, temperature-gradient gel electrophoresis ; UPGMA, unweighted pair group method algorithm.
A list of coryneform and related or morphologically similar species contained in the FT-IR spectral identification database is available in IJSEM Online (http ://ijs.sgmjournals.org). A frequently updated reference spectra library can be obtained from the authors.
(e.g. Seiler, 1986 ; Schubert et al., 1996 ; Bockelmann et al., 1997 ; Kollo$ ffel et al., 1997 ; Valde! s-Stauber et al., 1997 ; Carnio et al., 1999) , even in subsurface sediments (Crocker et al., 2000) , and in Antarctic samples (Junge et al., 1998 ; Tindall et al., 2000) . Several strains or species are classified as opportunistic or obligate human pathogens (for review see Funke et al., 1997a) as well as animal and plant pathogens (Holt et al., 1994) . Identification of these high-GjC Gram-positive bacteria is therefore not only of ecological and technological, but also of medical relevance.
Among the methods applied for classification of coryneform bacteria and related taxa in recent years are analyses of polyamine patterns (Altenburger et al., 01791 # 2002 IUMS H. Oberreuter, H. Seiler and S. Scherer 1997 ; Busse & Schumann, 1999) or fatty acids (Ka$ mpfer & Kroppenstedt, 1996) , numerical taxonomic analysis (Ka$ mpfer et al., 1993) and assessment of the heterogeneity of partial 16S rRNA sequences by temperature-gradient gel electrophoresis (TGGE) (Felske et al., 1999) . These methods have proven to be valuable but somewhat limited tools for characterization and differentiation of the organisms studied. Other methods have also been reported which placed more emphasis on the identification capability for coryneform genera : analysis of physiological characteristics by the BIOLOG Identification System (Lindenmann et al., 1995) , the API (RAPID) Coryne database (Funke et al., 1997b) or the RapID CB Plus system (Funke et al., 1998) , comparative 16S rDNA sequence analysis (Bockelmann et al., 1997) , the use of genus-specific oligonucleotide probes (Kollo$ ffel et al., 1997) and fluorescence in situ hybridization (FISH) as well as colony hybridization for the analysis of cheesesurface bacteria (Kollo$ ffel et al., 1999) . Not all of these methods have provided satisfactory results and they are either too laborious and time-consuming to be performed on a routine basis with respect to the molecular methods, or the costs per sample are high, which is the case with commercially available identification systems for the analysis of physiological properties.
Originally introduced by Naumann and co-workers (Helm et al., 1991 ; Naumann et al., 1994) , Fouriertransform infrared (FT-IR) spectroscopy is a fast technique for classification and identification of microorganisms (e.g. Holt et al., 1995 ; Goodacre et al., 1998 ; Ku$ mmerle et al., 1998 ; Timmins et al., 1998) . Moreover, it is a valuable tool for rapid screening of environmental isolates (Tindall et al., 2000) . The method would gain more attraction if an extensive database were available for the identification of unknown strains, since FT-IR is a very cost-efficient technique which allows a rapid and simple identification of micro-organisms within 25 h (Ku$ mmerle et al., 1998) .
Actinomycetes have been investigated by FT-IR previously. Haag et al. (1996) have placed their emphasis on strains from the families Thermomonosporaceae, Streptosporangiaceae, Micromonosporaceae and Streptomycetaceae while including a few strains from different families from the Corynebacterineae as well. Klatte (1995) has studied numerous species from the two genera Corynebacterium and Rhodococcus in detail. However, these investigations have not resulted in comprehensive databases and did not allow us to conclude on the capacity of this method to identify unknown strains.
In 1997, Stackebrandt et al. established a novel hierarchic classification system for actinomycetes, the class of the Actinobacteria (high-GjC Gram-positive bacteria) (Stackebrandt et al., 1997) . This taxonomy was recently updated to accommodate new taxa of this quickly expanding group of bacteria (Stackebrandt & Schumann, 2000) . Based on this classification system, a spectral database consisting of reference strains from 46 genera out of the two suborders Micrococcineae and Corynebacterineae (order Actinomycetales) was established which allows the rapid and simple identification of isolates of this taxonomic group. Morphologically similar taxa such as strains from the genus Staphylococcus were included in the database for practical reasons. In order to check the identities of reference strains, comparative 16S rDNA sequence analysis was carried out for more than half of the reference strains.
METHODS

Strains.
A total of 730 strains from international culture collections, commercial starter culture companies and other laboratories provided the reference material. Strains with questionable classification were identified by comparative 16S rDNA sequence analysis. The reference strains represent 220 species out of 46 genera from the two suborders Micrococcineae and Corynebacterineae (Actinomycetales, Actinobacteria) as well as morphologically similar generasee the list of coryneform and related or morphologically similar species contained in the FT-IR spectral identification database in IJSEM Online (http :\\ijs.sgmjournals.org).
Sample preparation. Sample preparation was performed according to the methods of Ku$ mmerle et al. (1998) . The cells were incubated at 30 mC for 24 h (tryptone soya agar, containing 15n0 g tryptone, 5n0 g soya peptone, 5n0 g sodium chloride and 15n0 g agar per litre ; Oxoid). Few strains yielding a clumpy suspension were subjected to ultrasonication for 2i10 s at 25 % power with a Bandelin Sonopuls HD2200, probe MS72 (Bandelin Electronic) in order to improve spectral quality.
FT-IR spectroscopy. All spectra were recorded and evaluated according to the methods of Ku$ mmerle et al. (1998) using an IFS-28B FT-IR spectrometer (Bruker). To diminish the difficulties arising from unavoidable baseline shifts and to improve the resolution of complex bands, the first derivation of the digitized original spectrum was used.
The adjustment of FT-IR parameters such as selection of relevant spectral frequency ranges, their weighting and socalled reproducibility levels was done based on Bruker (1996) and Ku$ mmerle et al. (1998) but was extended in this work. In order to calibrate the spectral distance values obtained in the identification hit lists, the reproducibility levels were determined for each of the five relevant frequency ranges (spectral windows) W1 (3000-2800 cm − "), W2 (1800-1500 cm − "), W3 (1500-1200 cm − "), W4 (1200-900 cm − ") and W5 (900-700 cm − "). For this procedure, eight species were used which were represented by between five and 42 strains each. The reproducibility levels normalize the different spectral reproducibility variation encountered in each frequency range. Their adjustment allows the threshold value for a valid identification of an isolate at the species level to be set at a spectral distance of 1n0-1n5, approximately. This implies that if the spectral distance between an isolate and the first hit of the identification hit list is higher than 1n5, the isolate cannot be identified. The reproducibility levels differ greatly between different frequency ranges, corresponding to the different degree of spectrum variation within the spectral windows. The subsequent selection of spectral windows and their weighting was done according to the results from the internal validation.
Comparative 16S rDNA sequence analysis. A total of 352 reference strains of questionable identity were subjected to comparative 16S rDNA sequence analysis. The strains were lysed and an amplification PCR of the almost complete 16S rDNA molecule was performed according to the methods of von Stetten et al. (1998) . Two universal 16S rDNA-binding primers were used for the amplification PCR : 5hf (5h-AGAGTTTGATCCTGGCTCA-3h ; positions 8-26 in the Escherichia coli numbering system, Brosius et al., 1978) and 3hr (5h-CGGCTACCTTGTTACGAC-3h ; E. coli numbering 1511-1493). The PCR protocol started with a denaturation step for 5 min at 95 mC, followed by 30 cycles of denaturation for 20 s at 95 mC, primer annealing for 40 s at 55 mC and elongation for 2 min at 72 mC each. A final elongation step was added at 72 mC for 5 min. After PCR amplification, the DNA was purified using the QIAquick PCR purification kit (Qiagen) according to the instructions of the manufacturer, followed by a PEG precipitation of the purified product according to the methods of Facius et al. (1999) . After purification, the samples were subjected to a cycle-sequencing PCR according to the methods of Facius et al. (1999) , using the ThermoSequenase fluorescent labelled primer cycle-sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech). DMSO (11 %, v\v) and formamide (7 %, v\v) were added to facilitate the cycle-sequencing PCR. Fluorescently labelled primers 5hf, 3hr, 699R [5h-GGGTTG(AGT)GCTCGTT-3h ; E. coli numbering 1114-1100] or 609V [5h-TTAGATACCCT(AG)GTAGT-3h ; E. coli numbering 788-804] were used for the cycle-sequencing PCR (primers 699R and 609V : Ludwig & Strunk, http :\\ www.biol.chemie.tu-muenchen.de\pub\ARB\documenta-tion\.ps). Independently of the primer applied, the protocol for the cycle-sequencing PCR started with a first denaturation step for 5 min at 88 mC, followed by 25 cycles of denaturation for 30 s at 88 mC, 25 s at the primer specific annealing temperature and elongation for 3 min at 50 mC. A final elongation step at 50 mC for 5 min was added. Annealing temperatures for the different cycle sequencing primers used were as follows : 42 mC for 5hf, 45 mC for 3hr, 37 mC for 699R and 35 mC for 609V. Sequencing was performed on a LI-COR sequencer (MWG Biotech), typically yielding sequence lengths of approximately 800-1000 bases per run.
Identification of the strains was accomplished by comparison of the partial sequences with sequences from databases such as GenBank (Altschul et al., 1997) , the RDP database (Maidak et al., 2000) and the ARB database (Ludwig & Strunk, see above) . According to Stackebrandt & Goebel (1994) , a similarity of more than 97 % strongly points to species identity between query sequence and retrieved database sequences, although there are exceptions to this rule (e.g. Fox et al., 1992 ; Lechner et al., 1998) . Identification of a sequence in the ARB software environment was accomplished by addition of the aligned query sequence into a validated and optimized tree based on aligned 16S rDNA sequences by maximum-parsimony analysis while keeping its topology constant (Ludwig et al., 1998) .
Internal validation. Performing an internal validation means that newly recorded single spectra from strains already available in the spectral library are tested against the database. Randomly selected single spectra of 208 strains from 208 species out of 41 genera provided the test set for this internal validation, representing a cross-section of the coryneform bacteria and related organisms. The reference set consisted of average spectra of the complete spectral library of 730 strains. The average spectra from the 208 test strains were included in the reference set which did not comprise the single spectra of the test set. The test set spectra were then identified by the reference set and the result was determined at the strain, species and genus level by evaluating the relationship between the test spectrum and the first hit in the identification hit list. The result was counted as a correct identification at the strain level if the test spectrum was identified with a spectral distance value D 1n5 by its corresponding average spectrum. In case of an identification of the test spectrum by an average spectrum of a strain belonging to the same species, the result corresponded to a correct identification at the species level. Finally, if at least the genus matched, the result was counted as a correct identification at the genus level. The results of identification of all test spectra were averaged to obtain the so-called percentage correctness of identification. This parameter was determined for each frequency range W1-W5 separately and subsequently also for combinations of the five ranges altogether or only spectral windows W2-W5. The quality of identification obtained for each frequency range separately specified their eventual weighting. For comparison, the correctness of identification was also determined for the parameters used for the identification of yeasts by FT-IR spectroscopy by Ku$ mmerle et al. (1998) .
Simulated external validation. In this case, in contrast to an internal validation, the strains tested against the database are not comprised in the spectral library. A total of 544 strains from 54 species with at least three strains per species from 16 genera were used for this quasi-external validation for proof of principle. The average spectrum of one strain was excluded from the spectral library and this strain was then tested against the remaining database. If the first hit belonged to an average spectrum of a strain from the same species and the spectral distance value D was below 1n5, the result was counted as a correct identification at the species level. If the identification corresponded to a different species from the same genus, the result represented a correct identification at the genus level. In case of a spectral distance value D 1n5, the strain was counted as not-identified. A misidentification was noted if a strain was identified incorrectly. The results of the identification of all test strains belonging to the same species was averaged to obtain the mean correctness of identification for each species considered.
RESULTS AND DISCUSSION
Composition of the identification database
The established database consists of IR average spectra from 730 reference strains belonging to 220 different coryneform species and phylogenetically or morphologically related taxa out of 46 genera, 40 of them from the two suborders Micrococcineae and Corynebacterineae (Actinomycetales, Actinobacteria) (see the list in IJSEM Online). A total of 192 species (87 %) are represented by type strains. Each average spectrum was calculated from at least three matching single spectra.
Several genera were not included in the database since they did not allow cultivation under the required culture conditions. These are the single-species genera Frigoribacterium (Ka$ mpfer et al., 2000) , Cryobacterium (Suzuki et al., 1997) and Renibacterium (Sanders H. Oberreuter, H. Seiler and S. Scherer & Fryer, 1980) due to their obligate psychrophily. Furthermore, the genus Bogoriella (Groth et al., 1997) and the genus Rarobacter (Yamamoto et al., 1988) were excluded for obligate alkaliphily and for requirement of catalase, haemoglobin or haemin for growth in air, respectively. The genera Tetrasphaera (Maszenan et al., 2000) and Mycobacterium Lehmann and Neumann 1896 are not represented due to their extremely slowly growing species.
On the other hand, strains from morphologically similar genera such as Staphylococcus were included to enable safe identification results of Gram-positive cocci independent of their GjC content, in particular, since staphylococci are widely distributed in the environment and have frequently been isolated from cheeses (Bockelmann et al., 1997 ; Irlinger et al., 1997 ; Carnio et al., 2000) .
Not considering species from the above-mentioned excluded genera, there are approximately 210 species from the two suborders Micrococcineae and Corynebacterineae validly described so far and this number is growing continuously. A total of 180 of these species are included in the database, which corresponds to a coryneform coverage of 85 %.
Comparative 16S rDNA sequence analysis
After having included several hundred strains in the database, it became apparent from FT-IR cluster analyses that, sometimes, strains carrying completely different species and\or genus names grouped together at a very high level of spectral similarity. In order to check the identity of these questionable strains, comparative 16S rDNA sequence analysis was carried out for 352 strains. Partial sequences of typical sequence lengths between 800 and 1000 nucleotides were determined and identified using GenBank's , the RDP and the ARB databases. Generally, there was good agreement between the results obtained from the hit lists of GenBank and the RDP database. As a result, 224 (64 %) of these strains were reclassified according to the sequence analysis while the other 128 strains (36 %) proved to be correctly classified. Fig.  1(a) shows an example for a number of strains clustering at a very high level of spectral similarity while carrying many different genus and species denotations, some of which have never been validly described (names within quotation marks). After comparative 16S rDNA sequence analysis, each of these strains was identified as Rhodococcus erythropolis (Fig.  1b) . Comparative sequence analysis and, if necessary, strain reclassification was carried out in order to calibrate the spectral library for subsequent determination of its quality of identification.
According to Stackebrandt & Goebel (1994) , homologies of more than 97 % strongly point to species identity between query sequence and database sequences, although exceptions to this rule have been reported (e.g. Fox et al., 1992) . However, a more The need to carefully check the identities of reference strains on a regular basis has also been noted by Felske et al. (1999) in the course of assessing the heterogeneity of partial 16S rRNA sequences of coryneform strains by TGGE. These authors explained the aberrant behaviour of some strains by the so-called ' human factor ', which refers to the handling of strains in laboratories over long periods of time. Moreover, coryneform bacteria have often been misclassified in the past (Altenburger et al., 1997) . Kollo$ ffel et al. (1997) have also reported irregularities after investigating reference strains. 
Internal validation
After the determination of the so-called reproducibility levels obtained for each spectral window, the different frequency ranges' capacity for correct identification was determined by running identifications of a spectra test set against the complete database separately for each of the five spectral windows. The overall correctness of identification obtained for each frequency range (data not shown) was used for a permutation of different spectral window combinations in order to obtain those yielding highest values for correct identification. The combination comprising all five spectral windows was found to be optimal. In this internal validation, 93n9, 98n1 and 99n5 % of the 208 test strains were correctly identified at the strain, species and genus level, respectively. These values are optimized, meaning that when in four cases a single spectrum was not correctly identified by its corresponding average spectrum, several further single spectra were recorded and included to form a new average spectrum in order to increase the representation of the spectral variety of the same strain in the database. The parameters found to be optimal for the identification of coryneform bacteria by FT-IR spectroscopy are listed in the legend for Fig. 1. Fig. 2 displays the normalized averaged IR spectra of the type strains from two example species together with the five relevant frequency ranges. In contrast, performing this internal validation with the same strain set but using instead the optimized parameters of the spectral database for yeasts as described by Ku$ mmerle et al. (1998) resulted in mean values for correct identification at strain, species and genus level of 90n6, 94n3 and 96n7 %, respectively. The comparison between ' yeast parameters ' and ' coryneform parameters ' clearly shows that it is worthwhile determining the optimal settings for each group of organisms separately and that adjustments proven to be optimal for one group do not necessarily represent the optimum for another group (see also Helm et al., 1991) .
Simulated external validation
The quality of the database was further assessed by carrying out a simulated external validation. One strain was singled out and the library was built up without the average spectrum of this strain. Subsequently, the strain was identified by the spectral library and the correct identification was checked at the species and genus level. A total of 544 strains from 54 species containing a minimum number of three strains per species were used. As a result, 87n3 % of the strains were correctly identified at the species level and 95n4 % at the genus level ; 12n7 % did not result in a correct identification at the species level, 1n3% of which were not identified while 11n4 % were misidentified.
While some species yield 100 % correctness of identification even if being represented only by a low number of strains per species, the general trend shows a correlation between the number of strains per species in the library and the percentage of correct identification obtained (Fig. 3 , shading added for illustration reasons only). Roughly, the more strains a species is represented by in the identification database, the more likely is a correct identification at the species level. Likewise, the probability of a misidentification decreases with an increasing number of strains (data not shown). This observation can be explained with an increased coverage of the intraspecies variety in case of a high number of strains per species. The number of non-identified strains, i.e. spectra that were identified with a spectral distance D 1n5, equals zero for most of the species under investigation. Seven species out of H. Oberreuter, H. Seiler and S. Scherer 54, however, contained strains that could not be identified. This indicates that the variability range of some species is better represented in the reference library than that of others, independent of the number of strains available in the spectral database. In order to allow the identification of future isolates which might show a higher spectral similarity to these outlier strains than to the other ' core ' strains of a particular species, it is sensible to retain the non-identified strains in the database. These isolates' subsequent addition as reference spectra contributes to a better representation of the corresponding species' diversity in the library.
Evaluation of identification quality by comparison of results with those described in the literature
Several publications report on the identification capacity of various methods dealing with different groups of micro-organisms (Table 1 ). The identification of coryneform bacteria and related genera has been evaluated by using the BIOLOG Identification System (Biolog), API Coryne database (bioMe! rieux) and the RapID CB Plus system (Remel) , three commercially available identification kits based on the analysis of physiological properties. The latter two identification databases contain only a limited number of species, most of which are clinically relevant coryneform bacteria. The percentage values of correct identification achieved in external validations differ greatly between these systems, yielding best results for the API Coryne database (Table 1) .
Several studies have analysed the capacity for identification of micro-organisms by FT-IR spectroscopy. Most studies have only performed internal validations where the percentage of correct identification is generally higher than in the case of an external validation. Moreover, the size of the spectral libraries under investigation has been rather limited except for the databases reported by Ku$ mmerle et al. (1998) and by this study.
When comparing published identification results, it is therefore necessary to compare the size and composition of the databases evaluated as well as the size and composition of the set of test organisms used for validation. Moreover, the kind of validation performed (internal vs external) must be noted carefully since the results of correct identification will largely be influenced by the presence or absence of the tested strains in the library. The effects of the composition and size of both database and test set on the identification quality on the one hand is hardly separable from the effect of the kind of validation performed on the other hand with the limited data available. Generally, an internal validation performed with a small heterogeneous database (i.e. only few strains per genus and genera from different phyla) (Table 1 ; Helm et al., 1991) will yield much higher values for correct identification than an external validation performed on a rather homogeneous database (i.e. closely related taxa) due to a higher percentage of misidentified strains in the latter (e.g. Funke et al., 1998) . Misidentification occurs if a test strain is less similar to other strains of its own species than to a strain of a different species.
Results are also influenced by the intrataxa separation of the particular group of organisms studied : in case of comparable heterogeneity of databases and similar heterogeneity of the test sets (i.e. numbers of strains per species or genus in the same order of magnitude), a highly different result of correct species allocation in an external validation points to a different intrataxa separability between the organisms analysed, e.g. between yeasts and coryneform bacteria (Ku$ mmerle et al., 1998 vs Busse & Schumann, 1999 ; Felske et al., 1999) . Stackebrandt et al. (1997) have noted that the rich chemical, morphological and physiological diversity of phylogenetically closely related genera makes the description of families and higher taxa so broad that they become meaningless for the description of the enclosed taxa. Most main actinobacterial lines of descent, described as orders, suborders and families, are not well separated and the statistical significance of branching points is low. Because of the lack of common properties of phylogenetic significance shared by most taxa of a higher taxon, their delineation from each other is somewhat arbitrary and artificial (Stackebrandt & Schumann, 2000) . Therefore, even though actinobacterial taxa form a systematically well-derivable group, due to their overlapping (or even contradictory) distribution of taxonomical characters, the possibilities for their differentiation by non-genotypical methods remain somewhat limited.
Examples for a certain degree of interference between different taxonomical characteristics and, as a result, diverging taxonomical opinions can be taken from the on-going discussion as to the separation or unification of different genera such as Microbacterium\Aureo-bacterium (Rainey et al., 1994 ; Takeuchi & Hatano, 1998) , Cellulomonas\Oerskovia (Stackebrandt et al., 1982 ; or Corynebacterium\Turicella (Funke et al., 1994 ; Pascual et al., 1995 ; Ruimy et al., 1995) . These genera are or appear to be phylogenetically intermixed but can be differentiated by means of other taxonomic properties.
Taxonomically overlapping reference species are likely to result in an FT-IR hit list confusion and misidentification of test strains. Thus, an extensive representation of intraspecies and intragenus variety by a substantial number of reference strains is indeed critical for a high percentage value of correct species identification, but will not decrease confusion within a highly contiguous group of organisms. On the other hand, with regard to the behaviour of a single strain, e.g. in epidemiological analyses, a good coverage of intraspecies variety by a large number of reference strains will decrease the probability for differentiation of this particular strain from the others (i.e. yield low values of correct identification at the strain level in general), especially if the strains are very similar, but will yield high values of correct species identification. From the data presented in Fig. 3 , we expect that, on average, approximately five to ten different strains per species in a coryneform FT-IR database are appropriate in order to achieve a reasonable identification capacity, depending on the spectral variability within the species. A considerable advantage of working with an FT-IR spectral library for identification is the users ' possibility to influence the size and composition of the database themselves, i.e. by continuously adding strains in order to keep the reference library up-to-date or to include own sets of micro-organisms.
CONCLUSION
The FT-IR spectral database is a valuable tool for the rapid, simple and cost-efficient identification of coryneform strains from a variety of sources. Comparison of identification results reported in the literature showed that an overall correct identification of more than 95 % at the species level has not been achieved by any nongenetical method so far. Therefore, our results again confirm that coryneform bacteria are a group of organisms whose taxa are not well separated by phenotypical characteristics and, therefore, are difficult to be identified properly. The identification values obtained in this work are well within the range of those having been reported in the literature for identification of these high-GjC Gram-positive bacteria. In order to obtain an identification at the species level with a reasonable probability, each species should be represented by an approximate number of five to ten strains in the database. For improvement of the library's capability for correct identification of coryneform isolates, the number of strains should be increased constantly both for intraspecific representation and for coverage of relevant taxa in general.
with starter culture strains. 
